Strengthening of cell-matrix adhesions in response to applied force has been well documented. However, while implied by various lines of evidence, the force-mediated strengthening of cell-cell adhesions has not been directly demonstrated. In the current study, we present results consistent with force strengthening in adherens junctions, obtained by application of different force profiles to VE-cadherin-coated magnetic beads attached to endothelial cells. When force is ramped from a low to high value over time, fewer beads detach than with the immediate application of high force. Cells treated with cytochalasin D or lacking Ena/VASP activity show similar levels of detachment relative to controls, but force strengthening is lost. Further, cells overexpressing VASP show stronger adhesion in response to low and high force, but adhesion weakening in response to ramped forces. These results indicate that force-mediated adhesion strengthening occurs in endothelial adherens junctions and that dynamic VASP activity is necessary for this process.
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Cell-cell junctions help to organize cells during development, differentiation, and wound healing, while loss of appropriate cell-cell adhesion is associated with a loss of differentiation and an invasive phenotype in tumorigenic cells [1] [2] [3] [4] . These functions are regulated, in part, by force transmission between cells, as evidenced by abnormal development of load-bearing tissues such as the heart in the absence of key adhesion molecules [5, 6] . In addition, tension across adherens junctions appears to play a role in functions ranging from maintenance of epithelial barrier function and polarity [7, 8] to cell survival and proliferation [9, 10] .
Cell-cell adhesions, like the somewhat more familiar cell-matrix adhesions, are dynamic structures that allow cells to interact with their external environment by providing biochemical signals as well as mechanical linkages between the outside and inside of a cell. Adherens junctions are defined by homophilic binding of transmembrane cadherins molecules on adjacent cells. Intracellularly, cadherins bind to numerous molecules involved in signaling, which provides the mechanical link to the actin cytoskeleton, again analogous to focal adhesions [11] .
Given their functional similarity, it is not surprising that focal adhesions and adherens junctions share many linker molecules (e.g. vinculin, zyxin, VASP) and involvement of the force-responsive G proteins, Rho, Rac, and Cdc42 in formation and stabilization [12] . Molecules, such as a-catenin and b-catenin, are specific to adherens junctions [9, 13] . Both adherens junctions and focal adhesions follow a similar process of maturation involving actin polymerization and recruitment of intracellular linker proteins upon an initial binding event [14] [15] [16] [17] . Structures resembling adherens junctions are formed when cadherin-coated beads are allowed to bind to cells, as evidenced by recruitment of the corresponding cadherins, b-catenin, F-actin, and Mena (a member of the Ena/VASP family) in various cells [18, 19] . Further it appears that a functional cadherin cytoplasmic tail, actin dynamics, and acto-myosin tension are all needed for formation of cell-cell junctions and to maintain their strength [19] [20] [21] .
Once cadherins are engaged, adherens junctions exhibit timedependent adhesion strengthening, much like focal adhesions. For example, while it took $20 nN to separate E-cadherin transfected cells after 30 s of contact, a separation force of $200 nN was required after 1 h of contact although the contact area remained virtually unchanged [16] . Disruption of actin dynamics and/or polymerization had no effect on the early separation force but decreased the force needed to separate the cells at later times [16] . Similarly, disruption of actin in endothelial cells, which express VE-cadherin, increased the number of VE-cadherin-coated beads which detached under applied force [19] . Though there are many compositional similarities between focal adhesions and adherens junctions, both strengthen similarly with time, and, whereas ample evidence points to focal adhesion strengthening with applied force [22] , there is only indirect evidence that force-mediated adhesion strengthening occurs in adherens junctions [9] .
Vasodilator-stimulated phosphoprotein (VASP) may be of particular interest in force-mediated adhesion strengthening of adherens junctions as it plays an important role in adherens junction formation and actin organization in epithelial cells [18, 23] recent reports also suggest that Ena/VASP is necessary for the maintenance and strengthening of adherens junctions [8] . VASP localizes to cell-cell junctions, cell-matrix adhesions, stress fibers, and the lamellipodia of migrating cells and its activity is required for appropriate adhesion formation and associated actin polymerization [18, 23, 24] . Mice lacking members of the Ena/VASP family of proteins have increased endothelial permeability causing fatal vascular leakage and hemorrhaging during development [8] . Further, overexpression of VASP not only enhances barrier function of endothelial cells in vitro, it also increases their force generation [8] ; loss of Ena/VASP activity causes increased permeability and decreased force generation [8] .
The first goal of the present study was to ask whether endothelial adherens junctions exhibit force-mediated adhesion strengthening. This was accomplished by monitoring detachment of VEcadherin-coated magnetic beads from endothelial cells in response to application of different force profiles. Next, based on available data on the roles of Ena/VASP in cell-cell junctions, we hypothesized that loss of Ena/VASP activity would result in a loss of adherens junction force strengthening. Further, based on the observation that VASP overexpression decreases endothelial permeability but increases force generation, we hypothesized that overexpression of VASP would enhance the strength of adherens junctions and also force strengthening. Our results indicate that cadherin contacts do indeed strengthen in response to applied force, and that changing Ena/VASP activity affects this process.
Materials and methods

Cells. Human umbilical vein endothelial cells (HUVECs, Cascade
Biologics, Portland, OR) were maintained in standard media (EBM-2, Lonza, Allendale, PA). HUVECs stably expressing GFP-VASP (VASP) or GFP-Mito-FPPPP (Mito) as previously described [8] were obtained from Drs. Craig Furman and Frank Gertler (MIT); GFP-VASP appears to be analogous to endogenous VASP with respect to localization and functionality and results in a VASP overexpression phenotype, while GFP-Mito-FPPPP sequesters endogenous Ena/VASP proteins, effectively abrogating their activity [8, 25] . For all experiments, cells (passage 5-7) were plated at subconfluence in collagen-coated 35-mm tissue culture petri dishes (10,000-20,000 cells per dish) and allowed to fully attach and recover (12-24 h ).
Magnetic beads. The bead coating procedure was modified from Baumgartner et al. [26] . Briefly, paramagnetic beads coated in protein A (2.8 lm diameter, Dynal/Invitrogen, Carlsbad, CA) were rinsed in sodium phosphate buffer (100 mM, pH 8.1, from monosodium phosphate and disodium phosphate), incubated in 0.1 mg/ml Fc/VE-cadherin chimeric protein (calculated to correspond occupation of 25% of binding sites, R&D Systems, Minneapolis, MN) in sodium phosphate buffer for 3 min. Beads were then washed 3 times in triethanolamine (200 mM, pH 8.2, Sigma, St. Louis, MO), incubated in 5.4 mg/ml dimethyl pimelimidate dihydrochloride in triethanolamine to crosslink, washed twice for 30 min with 100 mM Tris (pH 7.5), and then 3 times in phosphate buffered saline (PBS, with calcium and magnesium). After coating, beads were stored in PBS for up to 3 months.
Magnetic trap. The magnetic trap was built as previously described [27] . Briefly, a CMI-C steel cylinder (161 mm-long and 20 mm diameter) was machined to have a 25°chiseled tip (44 mm long, 250 lm wide). The 72 mm-long core was wrapped in eight layers of 18-gauge enamel-coated copper wire to create a magnetic coil with $400 total turns. Current was provided to the coil by a power supply (PSP-603, Instek, Taiwan). The trap was mounted on a micromanipulator to control its position and the micromanipulator and microscope (Zeiss Axiovert 200) were mounted on a pneumatic vibration isolation table to minimize forces from other sources.
Calibration was performed by tracking the movement of polystyrene beads suspended in dimethylpolysiloxane with a kinematic viscosity of 12,500 centistokes (0.98 g/cm 3 , DMPS-12M, Sigma) in response to currents applied to the trap in 0.5 A steps from 1.0 to 3.5 A. Bead motion was recorded by a high-speed camera (25 fps, PCO.1200, PCO, Germany) at 50Â magnification and then analyzed with particle-tracking software written in MATLAB (Mathworks, Natick, MA, software generously provided by Dr. Jan Lammerding) to obtain velocities. For a given velocity (u), force
Bead detachment experiments. Approximately 10,000 VE-cadherin-coated beads were added to adherent HUVECs in 1.2 ml media and placed in the incubator ($10 beads/mm 2 ). In drug studies, cytochalasin D was added to culture media (200 nM) during bead incubation; this concentration has previously been shown to disrupt the actin cytoskeleton and remove most actin bundles [28] . After 45 min in the incubator, cell dishes were placed on a preheated aluminum plate connected to resistive heaters on the microscope stage to maintain the media at 37°C. To test for bead adhesion, cells which were not in contact with other cells and with only one magnetic bead associated with them were identified under the microscope and force of <1 pN was applied for 5 s (current of 1.0 A at a distance of approximately 250 lm from the bead);
beads that did not appear to move in response to this force were considered sufficiently attached for the experiment. For adhesion studies, magnetic trap tip was brought parfocal to and 30 lm away from a bead and one of three force conditions was applied: (1) low force of 0.7 nN (via application of 1.0 A current) for 110 s, (2) high force of 2.1 nN (via application of 3.5 A current) for 110 s, or (3) ramped force from 0.7 to 2.1 nN via a 0.5 A increment in current every 10 s over 50 (corresponding to 0.7, 0.9, 1.1, 1.2, 1.7, and 2.1 nN) and then held at 2.1 nN for 60 s (Fig. 1 ). Fisher's onetailed exact test was used to examine significance of differences between detachment rates. The application of currents for the specified periods of time was controlled by MATLAB via RS-232 serial communication. The attachment state of each bead was noted throughout the course of the experiment, with the time of detachment recorded in cases where detachment occurred; detached beads were easily identified and rapidly moved towards the tip. Subsequent tests were conducted on cells that were at least 500 lm away from previously tested cells to avoid confounding pre-stressing forces from previous tests. Each dish was used for a maximum of 30 min to minimize the effects of lowered CO 2 . Beads coated only with protein A were unable to withstand 0.7 nN of force, indicating specific binding of VE-cadherin-coated beads.
Results and discussion
Magnetic beads coated with VE-cadherin were allowed to settle and bind to human umbilical vein endothelial cells (HUVECs) for 45 min and then force was applied to individual beads via a magnetic trap. Low (0.7 nN), high (2.1 nN), and ramped (0.7-2.1 nN) force profiles were applied ( Fig. 1 ) in order to assess whether force-mediated adhesion strengthening was occurring (n > 30 beads per condition). As expected, a greater number of beads detached when high force (44%, p < 0.005) vs. low force (19%) was applied for 110 s (Fig. 2A) . Greater than 99% of beads that detached did so within the first 50 s of force application (not shown). If adherens junctions exhibit force-mediated adhesion strengthening, ramping the force from low to high should strengthen the binding between the cell and bead and result in a decrease in detachment with application of high force. Consistent with this prediction, fewer beads detached (32%, not significant), relative to high force conditions, when force was ramped from low to high levels over 50 s and then held at 2.1 nN for 60 s (Fig. 2A) .
The level of force required to detach beads can be compared with other experiments. For the present study, if we assume that $5% of the bead surface area is in contact with the cell [29] , the force applied to the VE-cadherin-mediated adhesion is $0.6-1.7 nN/lm 2 for low to high force profiles. Though different cell systems and different cadherins may exhibit a range of binding strengths, this value is of the same order as the $4 nN/lm 2 required to separate cells transfected to express E-cadherin after 1 h (comparable to the 45 min adhesion time in the present study) [16] . It is also in the range of traction forces exerted by N-cadherin expressing cells ($5 nN) on N-cadherin coated polydimethylsiloxane posts [30] . These comparisons support the idea that mature adherens junction type adhesions are forming between the endothelial cells and the VE-cadherin-coated beads in our studies. An intact actin network and functional dynamics are necessary for force-mediated adhesion strengthening of focal adhesions [22] and for time-dependent strengthening of adherens junctions [16] . Thus, we predicted that disrupting actin by treating cells with cytochalasin D (200 nM) would reduce force-mediated adhesion strengthening of adherens junctions. With cytochalasin D treatment, 16% of beads detached in response to low force (Fig. 2B) . The observation that similar numbers of beads under control conditions detached at low force suggests that basal adhesion through VE-cadherin was not greatly affected by the application of cytochalasin D. Significantly more (56%, p < 0.005) beads detached under high force with cytochalasin D treatment (Fig. 2B) , consistent with previous reports [19] . Additionally, adhesion strengthening appears to have been disrupted by cytochalasin D treatment as application of ramping force resulted in detachment of 55% of beads, similar to that seen with high force (Fig. 2B , p < 0.005 relative to low force).
To study the role of Ena/VASP proteins in adhesion strengthening, HUVECs lacking VASP activity (Mito) or overexpressing VASP (VASP) were investigated. Consistent with increased permeability in vessels and cultured endothelial cells lacking VASP activity [8] , bead detachment was increased in Mito cells relative to control HUVECs under all conditions (Fig. 2C) . Twenty-eight percent, 69%, and 65% of beads detached from Mito cells under low, high, and ramped force profiles, respectively (high and ramped profiles both significantly different from low, p < 0.05). The detachment profile for Mito cells appeared to be similar to that of cytochalasin-treated HUVECs, indicating that loss of VASP did not greatly disrupt the VE-cadherin-mediated adhesion, but it also prevented adhesion strengthening.
Given that VASP overexpression decreases permeability [8] , likely via increased cell-cell adhesion strength, we predicted that bead adhesion strength would be increased in VASP-overexpressing cells. Consistent with this, we observed that bead detachment was slightly decreased (p = 0.054 for high force) relative to control cells in VASP-overexpressing cells under low (9%) or high (24%) force application (Fig. 2D) . Based on this apparent increased basal adhesion strength and the observation that loss of VASP activity inhibited adhesion strengthening, we hypothesized that overexpression of VASP would enhance force strengthening. However, somewhat surprisingly, under ramped force conditions VASP overexpression led to a further increase in bead detachment (39%, Fig. 2D , significantly different from low force, p < 0.005). Under these conditions, VASP overexpression appears to have reversed the cells' ability to respond to dynamic changes in force application and led to a weakening of adhesion with ramping force.
A similarly paradoxical effect of VASP has been seen in the context of studying the effect of VASP overexpression on fibroblast migration. VASP increased lamellipodial ruffling, typically thought to promote migration and presumably due to increased polymerization caused by VASP anti-capping activity [25] . However, it also caused a decreased average migration speed due to decreased persistence [25] . In the present study, it is possible that increased actin dynamics due to VASP activity, in combination with force on the adherens adhesion, leads to instability or a slower response which leads to the apparent adhesion weakening. This observation is intriguing given the increased expression of VASP seen in lung adenocarcinoma cells [31] ; adhesion weakening in these cells could contribute to the loss of polarity and cell-cell contacts associated with a tumorigenic phenotype.
In summary, we demonstrate here an actin-dependent, VE-cadherin-mediated adhesion strengthening in HUVECs. Though only demonstrated for one specific cadherin, given the importance of tension in maintaining adherens junctions and tissue architecture [1, 6, 21] , it is likely that adhesion strengthening occurs in adherens junctions containing other types of cadherins. We also expand upon previously published results showing that Ena/VASP proteins are involved in adherens junction formation [8, 23] by demonstrating that Ena/VASP activity is necessary for force strengthening of endothelial adherens junctions. However, as shown by the somewhat surprising results obtained with VASP-overexpressing cells, the role of VASP in basal adhesion strength force strengthening may be complex.
